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Cutaneotropic Human b-/c-Papillomaviruses Are
Rarely Shared between Family Members
Marc Gottschling1,2, Markus Go¨ker3,4, Anja Ko¨hler1, Mandy D. Lehmann1, Eggert Stockfleth1 and
Ingo Nindl1,5
Several cutaneotropic human papillomavirus (HPV) types seem to be involved in the early onset of cutaneous
squamous-cell carcinoma. To test the hypothesis that cutaneotropic HPV infections are facilitated because of
close and frequent skin contact (for example, between child and mother), we examined HPV prevalence in
hair follicle cells from 134 volunteers (1–89 years of age, median 42 years) from 13 families. We used a
high-throughput HPV-typing approach with a sensitive b-/g-cutaneous PCR method, followed by reverse line
blotting, to detect 30 cutaneotropic HPV types. HPV prevalence in all individuals was 42% and increased with
age from 5% at p20 years to 27% at 21–40 years, 53% at 41–60 years, and 76% at 460 years. The effect of life age
was significant, independent of couples and family members shown by regression analyses (Pp108). A higher
similarity of HPV infection patterns was observed in couples versus two randomly chosen individuals (Pp0.05).
However, the same specific HPV type was rarely found within couples or between children and their parents.
Cutaneotropic HPV types are occasionally exchanged between family members during the entire lifetime, but
other donors should also be considered in viral transmission.
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INTRODUCTION
Papillomaviruses (PVs) infect stratified squamous epithelia of
vertebrates, including humans, and induce various benign
and malignant lesions. The variety of epithelial diseases
corresponds to the biological diversity of human papilloma-
viruses (HPVs) (de Villiers et al., 2004; Bravo and Alonso,
2007; Gottschling et al., 2007). Different viral phylogenetic
groups have different tissue tropisms, and they are accord-
ingly separated into mucosotropic (majority of a-PV) and
cutaneotropic HPVs (b-, g-, m-, n-, and some a-PVs) (de
Villiers et al., 2004).
Among the better understood viruses are the mucosotropic
a-HPVs, which are the causal agents for sexually transmitted
diseases, such as benign lesions (for example, condylomata
acuminata) and malignant tumors (for example, cervical
cancer) (International Agency for Research on Cancer, 1995).
Initially, the prevalence of a-HPV is low until the onset of
sexual activity, and only a subset of women have persistent
HPV infections (Hildesheim et al., 1994). An important risk
factor for mucosotropic HPV infections is a large number of
sex partners (Ho et al., 1998).
Cutaneotropic HPVs have been sparsely investigated
compared with their mucosotropic counterparts, and little is
known about how such viruses are dispersed. This is
particularly true for the b- and g-HPV that may contribute
to the development of cutaneous squamous cell carcinoma
(SCC) (Pfister 2003; Akgu¨l et al., 2006; Nindl et al., 2007a).
In fact, cutaneotropic HPV types are biologically
different from the sexually transmitted, mucosotropic HPV
and are most likely transmitted by skin contact. The
principal nature of cutaneotropic HPV might be commensal
(Antonsson et al., 2000; Harwood and Proby, 2002), but
prevalence data among the healthy population are sparse
(and mostly inferred only from the control groups of
clinical dermatological studies). Moreover, the importance
of both the current skin condition (for example, age and the
presence of microwounds) and the minimal infective dose
for successful cutaneotropic HPV infections has remained
elusive.
The frequency of persistent b- and g-HPV infections has
been investigated in only a few studies. In the general adult
population, at least one HPV type persists in 48% of
individuals for 6 months (de Koning et al., 2007) and in
43% for 6 years (Hazard et al., 2007). Viral transmission may
take place early in childhood (Antonsson et al., 2003), when
the immune system is not completely developed and close
skin contact (for example, between child and mother) is
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considered the prerequisite for infection. Thus, children and
their parents should share the same HPV types more often
than expected by chance, but to date a comprehensive
investigation of HPV infection patterns within families has not
been conducted.
The current immune status of an individual has impor-
tance for infection with cutaneotropic HPV (Astori et al.,
1998; Orth, 2006). HPV-DNA is detected more frequently in
SCCs of organ transplant recipients (ca. 90%) than in those of
the immunocompetent population (ca. 50%) (Nindl et al.,
2007a). Moreover, a genetic susceptibility for the infection of
specific HPV types has been reported, initially in humans
with the hereditary disease epidermodysplasia verruciformis.
Such patients exhibit a predisposition to multiple, early-onset
epithelial cancers (Jabłon˜ska et al., 1972; Majewski and
Jabłon˜ska, 1997).
DNA tests to detect cutaneotropic HPV types have been in
the evaluation phase for large epidemiological studies.
Recently, high-throughput typing approaches have been
developed to investigate cutaneotropic HPV infections.
One of these methods is the consensus primer-mediated
b-/g-cutaneous PCR method, followed by reverse line
blotting, a powerful tool for studying HPV infection patterns
(Brink et al., 2005; Nindl et al., 2007b). The method is able to
detect all known b-HPV types (except HPV-107) and five of
seven g-HPV types, with an analytical sensitivity between 10
and 100 viral copies. Hair follicle cells from different skin
areas might serve as a reservoir for cutaneotropic HPV, and
eyebrow follicle cells are representative of the HPV status of
an individual (Boxman et al., 2001; Ko¨hler et al., 2007).
To test the hypothesis that infections with cutaneotropic
HPV are facilitated by close and frequent skin contact, we
examined the individual HPV status of 134 volunteers from
13 families, using the b-/g-cutaneous PCR method and
reverse line blotting approach. We applied various statistical
approaches that were originally developed for the investiga-
tion of parasite–host associations (Page, 1994; Page and
Charleston, 1998), in an effort to contribute to a better
understanding of complex cutaneotropic HPV infections.
RESULTS
Age-correlated increase of HPV prevalence and number of
types
We analyzed 253 specimens from 134 volunteers (two
samples were b-globin-negative and were excluded from
further analysis). In total, 23 of 30 HPV types were detected,
as inferred from two independent reverse line blotting (RLB)
experiments. The overall agreement rate of both experiments
for HPV positivity was 94.9% (240/253) and that for HPV-
type specificity was 88.9% (225/253), indicating a high
reliability of the HPV detection method used. In general, HPV
prevalence of 134 volunteers was 42%. Specimens with a
DNA concentration below 1 ng/ml were not more frequent
neither among young volunteers nor among HPV-negative
samples. Using 20 ml template DNA for the investigation of
such specimens did not detect more HPV types than when
evaluated with the standard volume of 5 ml (see Supplemen-
tary Table S1 online), indicating that additional HPV types
were not present in such specimens with low DNA
concentrations.
HPV prevalence increased with age from 5% atp20 years
to 27% at 21–40 years, 53% at 41–60 years, and 76% at460
years and the frequency of multiple infections from 0% at
p20 years to 25% at 21–40 years, 57% at 41–60 years, and
82% at 460 years (Table 1). The estimated Poisson
regression model analyzing this correlation comprised a
and b (a¼ –2.29887±0.30062 and b¼ 0.04247±0.00465),
both parameters being highly significant (Pp10–13). The corre-
sponding regression curve is shown in Figure 1, and HPV
positivity was more likely than the virus-free state for ages
exceeding 37 years (the expected number is 0.5 for 37.8 years).
Using generalized estimating equations to account for the
potential nonindependence between test persons either from
the same family or from the same couple, the SE (standard
error) of a and b increased as expected (up to 0.37673 and
0.00726, respectively), but the contributions remained highly
significant with families as clusters (Pp10–8). Thus, HPV
prevalence increased with age independent of families and
couples. Moreover, the median number of HPV types per
Table 1. Cutaneotropic HPV prevalence, multiple infections and number of types increased with age
All
generations
Gen. I
(460 years)
Gen. II
(41–60 years)
Gen. III
(21–40 years)
Gen. IV
(p20 years)
Total numbers 134 29 40 44 21
Median age (years) 42 70 50 30 11
No. of pos. (%) 56 (42) 22 (76) 21 (53) 12 (27) 1 (5)
No. of types detected 129 68 45 15 1
No. of mult. inf. (%)—only pos— 33 (59) 18 (82) 12 (57) 3 (25) 0
No. of individual types
Including neg. 0.97 2.35 1.13 0.34 0.05
Only pos. 1.87 3.09 2.14 1.25 1.00
gen., generation; mult. inf., multiple infections; neg., negative specimens; No., number; pos., positive specimens.
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individual increased from 0 (p20 and 21–40 years) to 1
(41–60 years) and to 2 (4 60 years) (Figure 2).
Couples as well as children and their parents rarely shared
specific HPV types
The genealogies comprised 44 couples and 68 child–
parent relationships, but only one parent was investigated
in 18 such relationships (Figure 3 and Supplementary
Figures S4–S16). The probability for double-negative couples
by chance was 26%, as inferred from the HPV prevalence in
female (22/43; 51%) and male partners (21/45; 47%).
A similar amount of 25% (11 of 44) was detected for actual
double-negative couples. The probability of triple-negative
child–parent relationships by chance was 13%, as inferred
from the HPV prevalence in children (13/50; 26%), their
mothers (17/28; 61%), and their fathers (15/28; 54%). We
observed a slightly lower frequency of 8% (5 of 63) for
triple-negative child–parent relationship (5 of 68 relation-
ships were excluded from this analysis because, for 5 HPV-
negative children, the HPV status of only 1 parent could be
determined).
Globally, the prevalence of sharing at least one HPV type
was rare, independent of whether couples (7 of 44 cases:
16%) or child–parent combinations (5 of 68 cases: 7%) were
evaluated. Among the couples with at least one HPV-positive
partner, the frequency of sharing at least one HPV type was
21% (7/33). All these cases shared only a single HPV type,
with the exception of one couple in family I, who exhibited
the same six HPV types (Figure 3). To exclude the possibility
of contamination, the HPV status of this couple was re-
evaluated after 3 months, with new eyebrow-hair specimens
assessed, yielding consistent results. Of the HPV-positive
children, the frequency of sharing at least one HPV type with
the parents was 26% (5/19). All these cases shared only a
single HPV type, with one exception of a child–parent
relationship in family V that showed the same four HPV
types. Among all volunteers, HPV-8 and HPV-12 were the
most frequent type (each 30%), followed by HPV-17 and
HPV-23 (each 20%). Frequencies of all HPV types detected,
resulting probabilities of sharing a specific type by chance,
and experimental frequencies of coincident types are summa-
rized in Supplementary Table S2.
After the exclusion of HPV-negative individuals (see
Supplementary Table S2), Sørensen distances were signifi-
cantly correlated with distances derived both from couples
(formula 2) and from combined couple- and child–parent
relationships (formula 4). The correlation between Sørensen
distances and distances exclusively derived from child–parent
relationships (formula 3) was not significant. The significance
was therefore exclusively due to the couple relationships.
Moreover, the couple-based distances were significantly
correlated with age distances. Thus, HPV infection patterns
were more similar between couples than between two
randomly chosen individuals, independent of age. Further-
more, the 50 values of child–parent distance differences
obtained from the data set (that is, the Sørensen distance
between each child and its father subtracted from the
Sørensen distance between the child and its mother) ranged
between –0.60 and 0.60 (median 0.00, mean 0.02).
A Wilcoxon signed-rank test did not indicate a significant
deviation from 0. After exclusion of HPV-negative children,
13 values remained, ranging from –0.30 to 0.21 (median
–0.10, mean –0.07), and a Wilcoxon test did not significantly
deviate from 0 (Figure 4). The null hypothesis (H0) of the
permutational test (‘distances between couples or children
and their parents are not smaller than in a random assign-
ment’) was rejected only for the distances within couples
(Pp0.001) (Table 2), not for distances between child
and either mother or father. Thus, HPV infection patterns
were more similar between couples than between children
and their parents.
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Figure 1. Number of cutaneotropic human papillomaviruses (HPVs)
increases with age. The scatter plot shows the number of HPV types versus
age of the volunteers. The solid curve corresponds to the fitted Poisson model
(that is, ‘expected number of HPV types’¼ e–2.29887þ0.04247 ’age’). Both
parameters made a highly significant contribution to the model (P¼1.0 10–9
and P¼ 5.0 10–9, respectively), even if generalized estimating equations
were used to account for the potential nonindependence within families and
couples.
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Figure 2. Median number of human papillomavirus types increases with age.
The numbers of human papillomavirus types per individual, classified into
four generations, are illustrated with boxplots. Horizontal line in box, median;
box, lower and upper quartiles (25th and 75th percentiles); horizontal line at
the end of whisker, smallest and largest non-outlier values; individual plots,
outliers outside the range of the whiskers.
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Individuals were infected by phylogenetically closely related
HPV types
The correlations between the patristic distances derived
from the phylogenetic maximum-likelihood PV tree (see
Supplementary Figure S17) with the Sørensen and F
distances, using the test persons as characters (see Supple-
mentary Table S5), were moderate but significant (Sørensen:
Pp0.05, F: Pp0.01). Moreover, dendrograms (visualizing
the classification of similarity) of Sørensen and F distances
were in accordance with the observed correlation between
the patristic distances and the phylogenetic maximum-
likelihood tree (F; see Supplementary Figures S18–S19).
Thus, individuals were infected by phylogenetically closely
related HPV types.
DISCUSSION
Prevalence and number of cutaneotropic HPV types increase
with age
A causal relationship of mucosotropic HPV with the
pathogenesis of cervical cancer has been established (Inter-
national Agency for Research on Cancer, 1995), and
cutaneotropic HPVs are likewise considered to be involved
in the development of SCC (Pfister, 2003; Akgu¨l et al., 2006;
Nindl et al., 2007a). Also, the presence of cutaneotropic HPV
types in normal skin and hair follicles of healthy individuals
has been linked to an increased risk of SCC (Harwood et al.,
2004; Struijk et al., 2006), as well as to its early stage, actinic
keratosis (Boxman et al., 2001; Pfister et al., 2003; McBride
et al., 2007). Close and frequent skin contact, such as
between child and mother, is considered the prerequisite for
viral transmission, and a corresponding vertical transfer has
occasionally been proposed (Antonsson et al., 2003).
However, our data strongly indicate that the age of an
individual is an important factor in the abundance of
cutaneotropic HPV. Both HPV positivity and frequency of
multiple infections are higher in older individuals than in
younger ones. The Poisson regression, the principal coordi-
nate analyses, and both HPV-based distance approaches all
support a significant correlation between HPV positivity and
age. This underlines the biological distinctiveness of cuta-
neotropic HPV from mucosotropic HPV (with a lower risk of
acquiring HPV infection in older women than in younger
women, Trottier and Franco, 2006).
Studies investigating large numbers of specimens support
the correlation between age and cutaneotropic HPV pre-
valence. Struijk et al. (2003) investigated 371 healthy
individuals and reported an association between HPV DNA
and age, although their analysis includes specimens from
SCC patients. Another study evaluated the HPV status of 231
persons without any cutaneous lesion; and prevalence
increased from 29% in the 25–39-year-old age group to
42% in the 40–59-year-old group and to 65% in the 60–79-
year-old group (Boxman et al., 2001).
Figure 3. Example genealogy of a family with information on age, sex, and human papillomavirus (HPV) status. Note the couple sharing the HPV types 5, 8, 12,
14, 17, and 36. Couples and/or child–parent relationships sharing at least one HPV type are highlighted (orange links). The color reproduction of this figure is
available on the html full text version of the paper.
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Figure 4. Dissimilarity between cutaneotropic human papillomavirus
infection patterns of children and their parents. Histograms of distance
differences for all children present in the data matrix. Each data value was
obtained by subtracting the Sørensen distance between each child and its
father from the corresponding distance between the child and its mother.
Thus, negative values indicate that the human papillomavirus infection
pattern of a child was more similar to that of its mother than to that of its
father, whereas positive values indicate the opposite. Neither case was
significantly more frequent than the other.
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A possible explanation for the high prevalence and
large number of multiple HPV infections in the older
population is the individual accumulation of cutaneotropic
HPV types during life. The skin of the elderly is structurally
and functionally different from that of other age groups:
Epidermal thinning, reduced resistance to external injury, and
skin dryness and pruritus are hallmarks of aging skin
(Makrantonaki and Zouboulis, 2007). Access to the epithelial
basal cell layer is the prerequisite for HPV infection (Doorbar
and Raj, 2007), which is facilitated by such age-dependent
skin alterations. In addition, the causal relationship between
immunosuppression and increased prevalence of HPV has
been established (Pfister, 2003). Immunosenescence (Gruver
et al., 2007; Hakim and Gress, 2007)—in combination with
the persistence of HPV types in the skin over months and
years (de Koning et al., 2007; Hazard et al., 2007)—may also
well explain the greater susceptibility of older persons to
cutaneotropic HPV infections. Another explanation is induc-
tion of HPV replication leading to an increased viral load in
the elderly population.
Direct relationships, such as between mother and child, have a
minor effect on HPV infection
The probability of two randomly chosen individuals sharing
the same four types by chance is very low, and the case of a
child and its mother in family V strongly supports the
assumption that infections with cutaneotropic HPV are
facilitated by close and frequent skin contact. Given that
HPV infection takes place early in life (Antonsson et al.,
2003), and that HPV types persist in the skin over several
months (de Koning et al., 2007) and years (Hazard et al.,
2007), the frequency of children and parents with at least one
coincident HPV type should be high. In what is, to our
knowledge, the only study so far exploring genealogical
aspects of HPV infection patterns (Antonsson et al., 2003), 12
of 38 (32%) HPV-positive children shared at least one HPV
type (or ‘putative’ type) with their mother or father at the
same point in time. This is consistent with the data presented
here (26%).
Overall, however, our statistical analyses do not support
the hypothesis that HPV is transmitted from parents to their
children. None of the permutational tests provides any
evidence for an association between the specific HPV
infection patterns of children and their mother and/or father.
The coincident HPVs of children and parents detected
by Antonsson et al. (2003) are not consistently present at
different points in time, indicating transient rather than
persistent HPV infections. Moreover, triple-negative child–-
parent relationships (8%) are less frequent than expected by
chance (13%) in our study. Such data suggest that donors
other than parents need to be considered as sources for viral
dispersal, which fits with the observed correlation between
age and HPV prevalence.
To the best of our knowledge, our data from the Sørensen
distances and the permutational tests provide the first
evidence that HPV infection patterns are more similar within
couples (independent of age) than between two randomly
chosen individuals. This is additionally underscored by the
couple in family I who shared the same six HPV types, which
is highly improbable. Couples (like children and their parents)
also have close and frequent skin contact, which—in
combination with an assumed greater susceptibility at higher
ages—explains the similarity of their HPV infection patterns.
Individuals are infected by phylogenetically closely related HPV
types
The importance of knowledge about diversity, taxonomy, and
evolution of pathogens such as HPV for diagnostic and
therapeutic approaches is becoming increasingly clear (zur
Hausen, 2000; Pfister, 2003). A key example is the
identification of phylogenetically closely related viruses with
a high risk potential for the development of cervical cancer in
a-HPV (International Agency for Research on Cancer, 1995;
Mun˜oz et al., 2003; Bravo and Alonso, 2004). In epidermo-
dysplasia verruciformis patients, HPV-5 and HPV-8, which
belong to a closely related group (b-PV species 1), have been
detected in 90% of SCC, whereas other types are rarely found
in this type of skin cancer (Majewski and Jabłon˜ska, 1997).
This provides strong evidence that patients with diminished
cell-mediated immunity are infected by phylogenetically
closely related viruses, presumably because of their genetic
disposition. The correlation between the patristic distances
derived from the phylogenetic PV tree and the HPV infection
patterns suggests that particular viral groups prefer particular
groups of humans. Our data also provide evidence for the
difference between mucosotropic (infections rather unspeci-
fic) and cutaneotropic HPV (possible susceptibility to specific
types because of genetic disposition).
Table 2. HPV infection patterns were similar within couples
All volunteers HPV-positive volunteers only
Mean distance Probability of H0 Mean distance Probability of H0
Child and mother 0.3521 0.752 0.0570 0.075
Child and father 0.3304 0.348 0.1314 0.990
Female and male partner 0.3618 0.001 0.1143 0.001
Average distance within couples and between children and parents and permutational probability values from 999 permutations for the null hypothesis (H0)
‘original distances are not smaller than those calculated after randomly re-assigning adults to couples and children to parents.’ Values significant at Pp0.05
are printed in bold.
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CONCLUSION
Cutaneotropic HPV infections are complex and do not result
exclusively from the close proximity between children and their
parents. Prevalence increases with age, and viral exchange may
occasionally take place within couples. The general hypothesis
that infections with cutaneotropic HPV are facilitated by close
and frequent skin contact cannot be rejected, but our data
encourage the investigation in future studies of additional
parameters such as minimal infective dose, physical injuries of
the skin, reduced immune system, and susceptibility due to
genetic disposition. Our results may contribute to a better
understanding of cutaneotropic HPV infections, with possible
importance for skin cancer prevention as well.
MATERIALS AND METHODS
Detection of cutaneotropic b-/c-HPV types
A total of 255 specimens, consisting of 10 hairs from each eyebrow
and/or the scalp of 134 volunteers (1–89 years of age, median 42 years)
from 13 families, were collected and analyzed for the presence of 30
cutaneotropic HPV types from the b- and g-HPV groups. The study
adhered to the Helsinki guidelines, and we were informed by our
institution that approval was not required for this study. Written
informed consent was obtained from all volunteers (or from parents
of the underaged) participating in this study. DNA was isolated using
a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions and eluted in 200 ml AE buffer
(Qiagen). To control DNA quality, all specimens were examined
with b-globin PCR, and only the 253 b-globin-positive specimens
were included in the study.
DNA from each eyebrow hair specimen was examined with
b-globin real-time PCR, using specific b-globin primers as described
previously (Nindl et al., 2006). DNA quantity was evaluated on the
basis of a 10 ng, 1 ng, and 0.1 ng DNA standard curve, using
genomic human placental DNA (Sigma-Aldrich, Steinheim,
Germany). PCR-specific amplicons were verified by melting-curve
analysis with a slope of 0.1 1C/s from 65 1C through 95 1C. Real-time
PCR was carried out twice for each sample (see Supplementary
Table S1).
HPV detection was carried out using the consensus primer–
mediated BGC-PCR with an extended typing, amplifying a 72 bp L1
gene fragment (Brink et al., 2005; Nindl et al., 2007b) and using a
standard volume of 5 ml template DNA. For samples with a DNA
concentration below 1 ng/ml, PCR experiments were retested with
the maximal volume of 20 ml template DNA, and the volume of
tested DNA thus ranged between 0.2 and 10 ng/ml. Each reaction
included three negative controls (water) and three positive controls
containing 10, 100, and 1,000 copies of HPV-8 plasmid DNA, in a
background of 100 ng human placental DNA. Typing was carried
out with 30 HPV-specific, 50 amino-linked oligonucleotides using
RLB. All clinical specimens were analyzed twice on different days,
and HPV types were scored only if both experiments showed
consistent results. The HPV infection pattern of each volunteer was
determined as inferred from type-specific HPV positivity in either
eyebrow hairs or scalp hairs.
Statistical analyses
For each family, a genealogy was constructed, an example of which
is illustrated in Figure 3 (see Supplemental Figures SI4–SI16 for all
genealogies). Four groups of generations were established (I: 460
years; II: 41–60 years; III: 21–40 years; IV:p20 years) to compare
prevalence rates. To test the dependency of the number of detected
HPV types on life age, the common Poisson regression model for
count data was applied, as available in the glm() function in the
R environment (R Development Core Team R 2005), the model
formula being log (‘expected number of HPV types’)¼ aþ b ‘age’
(histograms confirmed that the HPV counts followed a Poisson
distribution). In addition, generalized estimating equations (Hanley
et al., 2003) were applied, as implemented in the geeglm() function
within the geepack R package, to account for the potential
nonindependence between the HPV infections of volunteers from
the same family or the same couple.
The data set was transformed into distance matrices, using the test
persons as objects and the parameters age, family affiliation, partner
status, child–parent relationship, and presence/absence of specific
HPV types as descriptors. The significance of the correlations
between distance matrices was assessed using the Mantel test
(Legendre and Legendre, 1998: 552) on the basis of Spearman’s non-
parametric correlation coefficients, as implemented in the CADM
program (Legendre, 2001; Legendre and Lapointe, 2004), applying
9,999 permutations. All tests were carried out either with or without
HPV-negative volunteers.
To classify the test persons on the basis of the distribution of HPV
types, Sørensen distances (Sokal and Sneath, 1963: 129; Gower and
Legendre, 1986; Legendre and Legendre, 1998: 257) were calcu-
lated from HPV presence/absence data. To avoid indetermination
(caused by the denominator of the Sørensen formula becoming 0) for
distances between two HPV-negative persons, an artificial, ubiqui-
tous virus was added to the HPV-data matrix (this procedure affects
only the scaling, not the order, of the distance values). The Sørensen
distance formula was implemented in the eukdis program written by
M. Go¨ker and is available at http://www.goeker.org/mg/distance/. In
addition to distance matrices representing the HPV distribution,
distances between the absolute numbers of types found on each test
person were calculated. The Manhattan, or block, distance (Sokal
and Sneath, 1963: 146; Legendre and Legendre, 1998: 282) was
used, which is equivalent to the absolute differences in the
descriptor’s states for a single descriptor. The P-values of the
different statistical methods used were not adjusted for multiple
testing. For a detailed description of the statistical analyses, see the
supplementary material.
Phylogenetic analysis
To test the hypothesis ‘the coincidence of HPV types reflects their
evolutionary relationships’, an amino acid (aa) alignment (compris-
ing the genes E1–E2–L1, see Gottschling et al., 2007) of all HPV types
detected by the RLB system (for a voucher list, see Supplementary
Table S6) was constituted using MAFFT, version 6.523 (Katoh et al.,
2005) (available at http://align.bmr.kyushu-u.ac.jp/mafft/software/),
without changing the defaults. From the data matrix (available at
http://htcc.pt-dlr.de/dateien/GottschlingPVgenealogy.fasta), a phylo-
genetic tree was computed under the maximum-likelihood criterion
(Felsenstein, 1981). The analyses were executed with the software
RAxML-VI-HPC, version 4.0.0 (Stamatakis, 2006) (available at http://
icwww.epfl.ch/~stamatak), from the RAxML BlackBox website
(http://phylobench.vital-it.ch/raxml-bb/). The best-scoring aa substi-
tution model, rtREVþ FþG (rtREV with empirical base frequencies
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and the G model of rate heterogeneity) (Dimmic et al., 2002), was
applied, as it was determined for HPV sequence comparisons in a
comprehensive phylogenetic analysis (Gottschling et al., 2007).
Path-length (that is, patristic) distances (Farris, 1967) were calculated
from the best maximum-likelihood tree using the newick.tcl script
written by M. Go¨ker and available at http://www.goeker.org/mg/
distance/. CADM was applied to test the significance of the
correlation between these distance matrices as described above.
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